I n animal models, the exposure of developing brains to N-methyl-D-aspartate antagonists (such as nitrous oxide and ketamine) and g-amino butyric acid agonists (such as benzodiazepines, propofol, and volatile anesthetics) lead to dose-dependent neuroapoptosis and neurodegenerative changes, with long-term cognitive deficits observed in adulthood. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Although an association between early anesthetic exposure and long-term cognitive deficit has been seen in a number of retrospective studies, no association was found in the one published prospective study to date. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Using data from the Western Australian Pregnancy Cohort (Raine) Study, we previously found that early exposure to surgery and anesthesia was significantly associated with deficit in the domains of language and cognition measured by direct neuropsychological testing. 17 Despite these data, the long-term neurodevelopmental effects of anesthetic exposure in children are still uncertain due to limitations in the published studies. In addition, the clinical phenotype of neurodevelopmental deficit in children exposed to anesthesia at an early age is still unknown, and the assessments most useful for detecting this phenotype remain unclear. 22 The purpose of this present study is to (1) use latent class analysis (LCA) of specific neurodevelopmental outcomes to characterize subgroups of deficit in children, (2) describe differences in demographics, comorbid illness, and types of procedures in each class, and (3) evaluate the association of each subgroup with prior exposure to surgery and anesthesia. We hypothesize that anesthetic and surgical exposure at an early age may be associated with specific subgroups of deficit in children.
METHODS
This study was approved by the Columbia University Institutional Review Board and ethical approval for data collection and storage was approved at each age by Ethics Committees at King Edward Memorial Hospital, Princess Margaret Hospital, and the University of Western Australia.
Data Source
Data were obtained from the Raine Study, an established birth cohort consisting of 2868 children in Perth, WA born from 1989 to 1992. The Raine Study collected detailed demographic and medical data prenatally and at birth from medical records and parental self-report. After birth, all children were assessed at 1, 2, 3, 5, 8, 10, 13, 17, and 20 years of age, with comprehensive neuropsychological testing performed at age 10. During follow-up visits, parents filled out questionnaires describing illnesses and medical problems, which were coded by research staff into International Classification of Diseases, 9th Revision (ICD-9) codes. Coding procedures have been previously described. 23 We classified any child who had a surgical or diagnostic procedure requiring anesthesia before the age of 3 years as "exposed," and the rest "unexposed." An age of below 3 years was used for exposure status as it is the time of peak synaptogenesis of various regions of the brain, including the prefrontal cortex. 24, 25 Children who missed all 3 scheduled follow-up visits from 1 to 3 years old were deemed "missing" and excluded from further analysis as data on exposure status was not available for them. Demographic information for missing children was previously evaluated. 17 To ensure exposure to anesthesia, we reviewed the types of procedures, all of which were performed after leaving the maternity hospital. Children who were found to have diagnostic procedures not requiring anesthesia were placed in the unexposed group.
Neuropsychological Tests
The neuropsychological tests performed at age 10 evaluated a variety of neurodevelopmental domains with trained research staff directly administering 5 of the 6 tests. Language was evaluated with the Peabody Picture Vocabulary Test, a basic test of receptive vocabulary knowledge, in addition to the more comprehensive Clinical Evaluation of Language Fundamentals (CELF), which is composed of individual scores for Receptive (CELF-R), or language comprehension ability and Expressive (CELF-E), or speaking language ability. 26, 27 Cognition was assessed by Colored Progressive Matrices (CPM), which specifically tests abstract reasoning as well as the Symbol Digit Modality Test (SDMT), which assesses visual tracking, attention and motor skill and generates oral (SDMT-O) and written (SDMT-W) scores. 28, 29 The McCarron Assessment of Neuromuscular Development was used to measure fine and gross motor tasks. 30 Deficit in these neuropsychological tests was defined as scores worse than 1.5 SDs below the mean of the entire cohort. 17 Behavioral problems were measured by the Child Behavior Checklist (CBCL). The CBCL is a comprehensive questionnaire completed by the child's caregiver that evaluates both internalizing problems such as depression and somatic complaints, as well as externalizing problems that involve conflict with others, such as aggressive behavior and rulebreaking. In addition to Internalizing (CBCL-INT) and Externalizing (CBCL-EXT) scores, the CBCL also generates a Total behavior score (CBCL-T), which takes into account internalizing and externalizing scores as well as social, attention, and thought problems. 31 In CBCL scoring, higher scores are considered to be worse, with scores over 60 considered to be a behavioral deficit.
Latent Class Analysis
Among other applications, LCA is a statistical method using maximum likelihood estimation that can define subgroups of patients (latent classes) using observed variables. In this study, the observed variables are the neuropsychological assessments for each child. LCA is based on the concept that the statistical associations among the observed variables are a manifestation of underlying (latent) subgroups or classes in the study population. This is a method that has been used to identify other clinical phenotypes and subgroups of cognitive impairment. [32] [33] [34] In this study, LCA was used to produce predicted probabilities of each child being in a specific class based on the presence of a deficit in each of 10 different dichotomous neuropsychological outcomes assessed at age 10. On the basis of these outcomes, each child is assigned to the single, mutually exclusive latent class for which they have the highest predicted probability. Currently as the phenotype of deficit after anesthetic exposure is unclear, LCA was used to identify subclasses of deficit that may be associated with a history of exposure. Maximum likelihood in Mplus, version 7.1 was used to fit latent class models with varying numbers of classes. 35 Determination of the optimal number of classes relied primarily on the Bayesian information criterion (BIC), which balances model fit and parsimony in addition to clinical interpretation of class meaning. 36 When comparing several statistical models, the smallest BIC indicates the optimal fitted model, with a difference in BIC values of >10 suggesting a very strong difference in model fit. 37 The reference group in the latent class regression model was the group having the lowest risk for neurodevelopmental deficit. LCA subgroup classification was performed using only children with data from all 10 neuropsychological measures. After LCA subgroup classification, we then examined differences in demographics, comorbid illness, and types of surgical and diagnostic procedures performed between the LCA groups. Clinical diagnoses were also classified using the Healthcare Cost and Utilization Project Clinical Classifications Software (CCS) and the classes were evaluated for differences in CCS categories. 38 CCS is a medical diagnosis categorization tool that uses ICD-9 codes to determine the presence of specific disease categories. CCS categorization was initially used with all available ICD-9 codes. Subsequently CCS categorization was also performed with only ICD-9 codes that resulted in a hospital visit and could be considered as more serious diagnoses.
Comorbid Illness
The level of comorbid illness was assessed and quantified using the Johns Hopkins ACG Case-Mix System, a method for predicting past and future health care utilization and costs. 39 ICD-9 codes were used to calculate Resource Utilization Band (RUB) scores based on the expected levels of resources used by each child. To quantify the level of illness up to the time of assessment at age 10, ICD-9 codes from all follow-up visits up to and including age 10 were used to calculate the RUB score. ICD-9 codes for mental, behavioral, and neurodevelopmental disorders were excluded from the calculation of RUB scores as they were directly related to the outcomes of interest. For each child, resource utilization was coded as (0) no diagnoses, (1) healthy, (2) low, (3) moderate, (4) high, and (5) very high. Children with no diagnoses and verified to have presented for follow-up as well as the healthy category were collapsed in the low resource utilization category, and children in the high and very high utilization groups were also combined. Coding of the RUB score was performed with the Johns Hopkins ACG version 10.0.1.
Neurodevelopmental Deficit Analysis in LCA Deficit Groups
Regression analyses were used to assess the strength of the association between exposure to surgery and anesthesia and each latent class. A multivariable polytomous logistic regression was used to adjust for demographic, socioeconomic, and baseline perinatal health status factors and comorbid disease. Demographic and socioeconomic covariates included sex, race, income, low birth weight, paternal presence, maternal education, perinatal smoking, and perinatal alcohol use. All covariates were included as categorical variables. The RUB score was included as a discrete covariate in the regression model for comorbidity adjustment. Crude and adjusted odds ratios (aOR) of association between exposure and deficit were calculated. Regression analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC).
RESULTS

Characteristics of the Raine Cohort
The Raine cohort consists of 2868 children, of which 260 children had no history of follow-up from ages 1 to 3 and were omitted from the present analysis, as they had no information on anesthesia exposure status. The deleted children were significantly different from the children evaluated in our cohort in most demographic categories, which has previously been discussed. 17 All available neuropsychological outcomes at age 10 were then identified. Of the remaining children, 1444 had all 10 neuropsychological assessments available at age 10 and constituted the study group. In this study group, 188 children had surgical or diagnostic procedures requiring anesthesia before their third birthday, and were classified as "exposed," whereas 1256 children did not have a history of a procedure requiring anesthesia and were classified as "unexposed." The vast majority of the procedures were surgical in nature.
LCA of Neurodevelopmental Deficit
The 4-class model was found to fit best (compared with the other 2 through 6 class models) based on the lowest BIC (BIC: 2-class 7649, 3-class 7380, 4-class 7338, 5-class 7350, 6-class 7373) and was also deemed to yield clinically meaningful subgroups. The following clinical descriptions were identified: (1) Normal class, with low likelihood or no deficit in any of the tests, (n = 1135, 78.6% of cohort), (2) Behavioral Deficit class with high probabilities for deficits in behavioral outcomes and a low probability for deficits in other outcomes (n = 151, 10.5% of cohort), (3) Language and Cognitive Deficit class, which conversely had high probabilities for language and other cognitive deficits including motor deficits, and low probability for behavioral deficits (n = 96, 6.6% of cohort), and (4) Severe Deficit class, with deficits found in all neuropsychological domains (n = 62, 4.3% of cohort) (Fig. 1) .
Differences Between the Classes
To determine whether there were specific risk factors for presence in each latent class, we evaluated demographic and clinical differences between the subgroups. In comparing the 4 different LCA groups, we noted that while the 3 deficit groups were demographically similar, the Normal group differed substantially from the deficit groups on several demographic variables ( Table 1 ). The Normal group had an approximately equal number of boys and girls (51% and 49%, respectively), whereas all 3 deficit groups were composed of more boys (Language and Cognitive Deficit: 65.6%, Behavioral Deficit: 63.6%, and Severe deficit 58.1%). The Normal group also had higher household income and maternal education levels, as well as a lower incidence of maternal perinatal smoking compared with the deficit groups. The Severe Deficit group was found to have slightly higher rates of extremely low birth weight children and lower maternal education.
The differences in comorbid illness measured by RUB between the 4 groups were also evaluated, with distributions of higher RUB scores seen in the Behavioral Deficit and Severe Deficit groups (85.4% and 83.9% with RUB scores Z3, respectively) compared with the Normal and Language and Cognitive Deficit groups (70.2% and 71.9% with RUB scores Z3, respectively) ( Table 2) . Differences in CCS categories were also evaluated with minimal differences in CCS categories using all available ICD-9 diagnosis codes (Appendix Fig. 1 ). When evaluating CCS category differences between the groups using only ICD-9 codes resulting in a hospital visit, a few differences emerged (Appendix Fig. 2) . Children in the Severe Deficit class were found to have a slightly higher incidence of nervous system diseases requiring a hospital visit (9.7% in the Severe Deficit class vs. 3.1% to 6% in the other classes) and children in the Language and Cognitive Deficit as well as the Behavioral Deficit classes had a higher incidence of respiratory diseases (20.8% and 18.5%, respectively) compared with the Normal and Severe deficit classes (12.2% and 8.1%, respectively).
Surgical Exposures
Although there were a small number of major cardiac and neurosurgical procedures performed, the vast majority of procedures were minor, with myringotomies, hernias, and circumcisions among the most commonly performed procedures in all 4 LCA groups (Appendix Tables 1-4) . Myringotomies, the most commonly performed procedure, accounted for 25% to 42% of the procedures in the Normal, Language and Cognitive, and Behavioral Deficit class, but only 7% of the Severe LCA group. In the Severe Deficit class, 23% of the procedures were dental procedures. To determine whether the prevalence of multiple anesthetic exposures in children in each group differed, of the 1444 children assessed, we further evaluated the 1119 children who had complete follow-up from ages 1 to 3 years. 17 In the Normal group, 89 children (79.5%) of those with a surgical exposure had a single exposure, whereas 23 (20.5%) had >1 exposure. In the children with behavioral deficits, of the exposed children, 10 children (58.8%) had a single exposure, whereas 7 (41.2%) had multiple exposures, whereas in the language and cognitive deficit group, 17 children (85%) had a single exposure, while 3 (15%) had multiple exposures. In the severe deficit group, 6 children (85.7%) had a single exposure, whereas 1 (14.3%) had multiple exposures.
Latent Class Association With Surgical Exposure
The percentage of children exposed to anesthesia and surgery before age 3 was 11. (Table 3) . After adjusting for sex, race, income, low birth weight, paternal presence, maternal education, perinatal smoking, perinatal alcohol use, and comorbidity, children in the Language and Cognition Deficit class (aOR, 2.11; 95% CI, 1.17-3.81) were still found to have a significantly higher odds of prior exposure to surgery and anesthesia compared with Normal children, whereas those with Behavioral or Severe deficits (aOR, 1.00; 95% CI, 0.58-1.73, and aOR, 0.85; 95% CI, 0.34-2.15, respectively) were not more likely to have been exposed than Normal children. Interactions were also evaluated with no significant interaction found between exposure and any covariate.
DISCUSSION
Deficits in individual neuropsychological outcomes often do not occur in isolation, but can be correlated with deficits in other outcomes in a way that may be unrecognized. As a result, LCA is useful for identifying clinical phenotypes using the correlations between neuropsychological outcomes. Using an LCA model to evaluate children assessed with neuropsychological tests, we identified 4 distinct classes, with children grouped into 3 independent subgroups of deficit and 1 subgroup with minimal or no deficit. In comparing each deficit class with the Normal class, we found that children with deficits primarily in language and cognition were associated with prior exposure to surgery and anesthesia, whereas children with primarily behavioral deficits did not show this association. Interestingly, children with language and cognitive deficit coupled with behavioral deficit were also not associated with exposure.
In trying to explain these differences, we evaluated demographic, comorbidity, and other medical diagnosis characteristics to determine whether they varied between the LCA subgroups. Overall, while the Normal class of children differed from the 3 deficit classes, there were minimal differences between the 3 deficit subgroups themselves. The measured demographic variables are therefore unlikely to completely account for the differences in the association between each LCA subgroup and prior exposure to anesthesia and surgery. Although minor Because of rounding, percentages may not sum to 100. AUD indicates Australian Dollar.
differences between subgroups existed in the clinical variables evaluated by RUB scores and CCS diagnosis categories as well as some differences in procedure types in each class, it was difficult to attribute any specific factors as causing the children to be in a particular deficit group. The association between exposure and language and cognitive deficit, and the lack of an association between behavioral deficit and exposure is consistent with previously published studies. 15, 17, 18 However, regarding the Severe Deficit group, as language deficits are associated with an increased risk of surgery and anesthesia, it seems counterintuitive that children with concomitant behavioral deficits would be similar to the Normal class of children. One explanation could be that the children in the Severe Deficit class had higher levels of comorbid illness or specific medical diagnoses, which accounted for the increased incidence of deficits independent of exposure, but we were unable to find any obvious potentially causative factor. The Severe deficit class represents a broad-range of neurodevelopmental deficit and if associated with exposure to surgery and anesthesia would suggest pervasive injury across a range of neurodevelopmental domains. Our results suggest that the phenotype for children exposed to surgery and anesthesia is more likely one with specific deficits in higher order brain function and not broad neurodevelopmental injury. The recently published GAS study found no differences in children exposed to awake regional versus sevoflurane anesthesia for hernia surgery in any neurodevelopmental tests at age 2, which included outcomes for language, cognition, motor function, and behavior. 21 Although this suggests that sevoflurane has no effect on neurodevelopment at age 2, our findings may not be opposed to those results. Our results suggest that language and cognition may be the main differences seen in exposed children. It is therefore not surprising that the GAS study did not find a difference in language and executive function as these domains are difficult to assess in 2 year olds and assessments at young ages have also been found to lack sensitivity for predicting neurodevelopment later in life. 40, 41 This emphasizes the need for studies with neurodevelopmental assessment in older children with early exposure to anesthesia.
There are several limitations in our study. Although the data was prospectively collected, this is an analysis of an existing cohort that was not created to answer this question. As such, we were limited by the data we had available, lacked detailed anesthetic information, and had cohort attrition over time. When interpreting our results for external validity, differences in the missing children should be taken into account. Although the majority of our neurodevelopmental outcomes were directly assessed, the behavioral outcome, despite being the gold standard in behavioral assessment, relied on parental observation as opposed to a trained observer. Similar to all observational studies, our results are subject to bias from confounding due to underlying differences between the exposed and unexposed children. Despite the fact that we attempted to account for differences in the children, it is unlikely that we were able to completely account for all the effects of comorbid illness. Although the association between otitis media and developmental outcomes is disputed, the specific condition of hearing loss in children needing myringotomy should be considered. 42 Deficits may also be associated with specific medical conditions, or procedures. However, due to sample size limitations we were unable to assess procedure or comorbidity specific risk for cognitive deficit. In addition, as the vast majority of children who needed anesthesia also required a surgical procedure, the independent effects of surgery and anesthesia cannot be distinguished. This study, however, still accomplishes 2 important goals. The first is to suggest that a phenotype of neurodevelopmental deficit primarily in language and cognition, and not broad neurodevelopmental delay in children may be associated with exposure to anesthesia and surgery, which will guide the assessment of children in future studies. The second is to describe a statistical method for analyzing neurodevelopmental outcomes in children exposed to anesthesia and surgery recognizing that these outcomes are likely to be correlated.
CONCLUSIONS
Our results show distinct phenotypes of neurodevelopmental deficit within our cohort, children with language and cognitive deficit, those with behavioral deficit, and those with severe deficit. Children with deficit primarily in language and cognition were associated with prior exposure to anesthesia and surgery, but children with language and cognitive deficit coupled with behavioral deficit were not associated with exposure. Although our results are unable to establish a causal link between exposure to anesthesia and neurodevelopmental deficit, they suggest a phenotype of deficit primarily in language and cognition in children who have surgery and anesthesia. Although additional studies are needed to validate this phenotype, these results will guide the assessment of children in future prospective studies. 
